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Introduction
Highly reactive oxygen species (ROS) are formed as by-products during a variety of biochemical reactions and this steady-state formation of pro-oxidants are normally balanced by a similar rate of consumption by antioxidants. Oxidative stress results from imbalance between formation and neutralization of pro-oxidants resulting in accumulation of pro-oxidants with potential harmful consequences. 1 Enhanced oxidative stress has been implicated in the pathogenesis of several clinical disorders such as heart and brain ischemic diseases, neurodegenerative disorders, various autoimmune diseases and seems to be involved in carcinogenesis and aging. [1] [2] [3] [4] [5] Several lines of evidence suggest that enhanced oxidative stress also plays a pathogenic role in human immunodeficiency virus (HIV) infection. Thus, a number of reports have found impaired antioxidant defence, particularly manifested by disturbed glutathione metabolism in HIVinfected patients. [5] [6] [7] [8] [9] Moreover, enhanced oxidative stress may be involved in the pathogenesis of impaired T cell responsiveness and enhanced T cell apoptosis during HIV infection, and may also play a role in the development of certain HIV-related clinical disorders such as malignancies and HIV-related encephalopathy. 5, 10, 11 An important pathophysiological consequence of increased intracellular oxidative stress is endogenous DNA damage. 12 Several types of oxidative DNA lesions have been reported, including strand breaks, baseless sugars (AP-sites) and oxidized base residues, with 7,8-dihydro-8-oxoguanine (8-oxoG) and 5-hydroxycytosine (5-ohC) representing the most frequent mutagenic base lesions. [13] [14] [15] DNA repair mechanisms have evolved specifically to counteract the biological effects of DNA damage. Of particular importance for removal of oxidative damage is the base excision repair pathway, which is initiated by
For personal use only. on . by guest www.bloodjournal.org From 4 the action of DNA glycosylases removing different types of modified bases by cleavage of the N-glycosylic bond. 16, 17 Five DNA glycosylases for removal of oxidative base residues, hNth1, hOgg1, Neil1, Neil2 and Neil3 (hFpg2) have been cloned and characterized in human cells. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] hNth1, Neil1 and Neil2 remove oxidized pyrimidines such as 5-ohC, whereas hOgg1 is removing oxidized purines such as 8-oxoG. However, Neil1 appear to be a backup function for hOgg1 for removal of 8-oxoG. All five enzymes have been shown to remove cytotoxic imidazole-ring fragmented formamidopyrimidine (faPy) residues which represent blocks to replication.
Based on the potential pathogenic role of enhanced oxidative stress in HIV infection we examined 8-oxoG levels, as a marker of oxidative DNA damage, in relation to DNA glycosylase activity for repair of oxidative damage in T cell subsets from HIVinfected patients and healthy controls. We found increased level of 8-oxoG in DNA in CD4 + T cells from HIV-infected patients, along with a reduced capacity for repair of oxidized base residues in these cells.
Materials and methods

Patients and controls
Fifteen HIV-infected patients were consecutively recruited for the study ( (see below), none received highly active antiretroviral therapy (HAART). None had initiated or changed therapy during the last 5 months. None of the patients had abnormal liver or kidney function, were abusing drugs or alcohol or were taking any regular medication except for nucleoside analog(s) as described above. Controls in the study were 13 healthy HIV-seronegative sex-and age-matched healthy blood donors (Table 1) .
Approval was obtained from the National Hospital in Oslo institutional review board for these studies. Informed consent was provided according to the Declaration of Helsinki. Extraction of DNA and hydrolyses to nucleosides by nucleaseP 1 and alkaline phosphatase were performed as described elsewhere. 29 To reduce oxidation during the preparation of DNA, TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) was added to all solutions at 100 µM immediately before use. 8-Hydroxy-2'-deoxyguanosine and 2'-deoxyguanosine were separated by HPLC and analyzed by ECD (+300 mV) and UV light (290 nm). Results were expressed as the ratio of 8-oxoG/10 6 bp in each DNA sample.
Isolation of cells
Preparation of cellular extracts
Cell pellets were resuspended in 25 µl 84 % sucrose/10 mM ethyleneglycol tetraacetic acid. After 10 minutes incubation on ice the cells were frozen and thawed three times with subsequent centrifugation (15000g for 15 minutes) to remove cell debris.
Supernatant was stored at -20°C.
Assays for DNA glycosylase activity
All enzyme activities were assayed in a reaction buffer containing 70 mM morpholinopropanesulfonic acid (MOPS), pH 7.5, 1 mM ethylenediamide tetra-acetic acid (EDTA), 5% glycerol and 1 mM dithiothreitol, and the mixtures were incubated at 
Miscellaneous
HIV RNA levels were measured in EDTA plasma by quantitative reverse PCR (Amplicor HIV Monitor, Roche Diagnostic Systems, Brancburg, NY; detection limit 50 copies/mL).
Plasma levels of tumor necrosis factor (TNF) were measured by enzyme immunoassay (BioSource, Camarillo, CA).
Statistical analysis
When comparing three groups of individuals, the Kruskal-Wallis test was used a priori.
If a significant difference was found, Mann-Whitney U test (two-tailed) was used to determine the differences between each pair of groups. For comparisons within the same individuals, the Wilcoxon matched pairs test was used. Coefficients of correlation were 
Results
Accumulation
DNA glycosylase activity in CD4 + and CD8 + T cells during HIV infection
We next analysed if accumulation of 8-oxoG in CD4 + T cells was accompanied by any alterations in DNA glycosylase activity for repair of oxidative damage. FaPy is a common substrate for DNA glycosylases involved in repair of oxidative DNA lesions and Figure 2 ). In contrast, faPy excision in CD8 + T cells were either markedly raised (~3.5-fold increase, non-AIDS patients) or similar (AIDS patients) to levels in healthy controls (Figure 2 ). In HIV-infected patients, the decrease in faPy activity in CD4 + T cells was inversely correlated with numbers of HIV RNA copies (r=-0.53, p<0.05) and positively correlated with TNF (r=0.61, p<0.01) levels in plasma. In contrast to faPy excision, DNA glycosylase activity for repair of alkylating damage showed no significant differences in these T cell subsets between HIV-infected patients and controls (Figure 2 ), suggesting a specific down-regulation of DNA glycosylases repairing oxidative DNA damage in HIV-infected patients.
Levels of DNA glycosylase activity for repair of 8-oxoG and 5-ohC in T cell subsets during HIV infection
While the assay for measuring DNA glycosylase activity for repair of alkylating damage is specific for the human Aag DNA glycosylase, the faPy assay may detect activity of five different DNA glycosylases for repair of oxidative damage; hOgg1, hNth1, Neil1, Neil2 and Neil3. We therefore examined removal of 8-oxoG and 5-ohC to further distinguish between these DNA glycosylases. Notably, the removal of 8-oxoG in CD4 + T cells of AIDS patients showed only ~15% of the activity in CD4 + T cells from healthy controls suggesting a decrease in the major 8-oxoG DNA glycosylase activity (i.e., Except for 11 patients who were receiving nucleoside analog(s) (see Methods), none of the patients were taken any regular medications. Although these 11 patients did not differ from the other patients with regard to the measured parameters (data not shown), we can not exclude some influence from the use of these medications.
hOgg1)(Figure 3). Excision of 5-ohC in CD4 + T cells was also decreased in AIDS
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DNA glycosylase activity during HAART
HAART strongly reduces levels of plasma HIV RNA with concomitant increases in T cell counts and beneficial effects on clinical symptoms and mortality. 31 To further examine the relationship between HIV infection, oxidative DNA damage and DNA glycosylases, we examined DNA glycosylase activity for removal of faPy and alkylating DNA damage in CD4 + and CD8 + T cells from 7 HIV-infected patients before and 6 months after initiating HAART. All patients received an HIV protease inhibitor (indinavir, 800 mg thrice a day) in combination with two nucleoside analogs [zidovudine 
Discussion
Several studies have reported enhanced oxidative stress in HIV infection possibly playing a pathogenic role in this disorder. 10 In the present study we show that HIV-infected patients, and particularly those with advanced disease, are characterized by enhanced oxidative DNA damage in CD4 + T cells as assessed by increased 8-oxoG accumulation. further supporting a link between HIV replication and DNA repair mechanisms. 34 In fact, this glycosylase, which initiates base excision repair of deaminated cytosine, is important for modulation of the virus mutation rate. 35 It is therefore tempting to hypothesize that the dysbalance between glycosylase activity and oxidative DNA damage in CD4 + T cells during HIV infection could reflect potent interactions between viral proteins, enhanced oxidative stress and increased activity of inflammatory cytokines overwhelming DNA repair mechanisms.
The regulation of the various DNA glycosylases involved in repair of oxidative damage in man has not been fully clarified. However, hNth1 transcription was shown to increase during early and mid S-phase of cell cycle 36 suggesting that increased 5ohC
DNA glycosylase activity in CD8 + T cells during HIV infection may correlate with the enhanced spontaneous T cell proliferation observed in these patients. 37 In CD4 + T cells such a stimulus may be counteracted and overshadowed by mechanisms as discussed above. In contrast to hNth1, the hOgg1 gene lacks TATA or CAAT boxes suggesting that
Ogg1 is a housekeeping gene with stable expression during cell cycle. 38 However, the results are somewhat conflicting, possibly reflecting different regulation in different cell types. Thus, raised 8-oxoG levels and ischemia have been reported to enhance Ogg1 activity in human colorectal carcinoma cells and in mouse brain, respectively. 39, 40 Moreover, while acute ischemia and oxidative stress may promote up-regulation of DNA glycosylase activity, persistently enhanced oxidative stress and inflammation as in HIV infection, may potentially down-regulate or "consume" the activity of these enzymes.
Nevertheless, the mechanisms for regulation of DNA glycosylases for repair of oxidative base lesions in T cell subsets during HIV infection are at present unclear.
For
14
In the present study we show that DNA glycosylases for repair of oxidative base lesions are differently regulated in CD4 + and CD8 + T cells during HIV infection. In fact, rather than decreased activity, CD8 + T cells in non-AIDS patients were characterized by enhanced faPy, 5-ohC and 8-oxoG DNA glycosylase activity, accompanied by a nonsignificant decrease in 8-oxoG level in these cells. This phenomenon could possibly reflect that while HIV infection is characterized by a functional and numerical decline in CD4 + T cells, the CD8 + T cells is characterized by increased numbers and enhanced activity at least in non-AIDS patients. 41 Our findings suggest that CD4 + T cells in HIV-infected patients may lack the ability to sufficiently repair DNA damage induced by oxidative stress that may have several consequences. Mutant forms of hOgg1 have been found in lung and kidney tumors. 42 A very recent report suggests that reduced Neil1 activity arising from mutations and reduced expression may be involved in pathogenesis of a subset of gastric cancers. 43 It is possible that the imbalance between oxidative DNA damage and repair activity in CD4 + T cells from AIDS patients might contribute to the increased frequency of malignancies in these patients. Moreover, while long-time exposure to moderately increased oxidative DNA damage may pre-dispose to malignancies, markedly enhanced oxidative DNA damage combined with decreased repair activity as found in CD4 + T cells from HIV-infected patients, may lead to functional impairment of these cells by slowing cell cycle progression upon activation and by enhancing apoptosis, possibly contributing to the pathogenesis of T cell deficiency in these patients. Finally, the HIV genome is characterized by a high frequency of mutation that at least partly is due to the high rate of HIV replication and the low fidelity of the reverse transcriptase gene. These mutations 15 which involve a high frequency of base misincorporations, may lead to a several-fold decrease in sensitivity to one or more antiretroviral drugs and is at present an increasing challenge in HAART. 44 Several oxidative base lesions are strongly premutagenic if they remain in DNA during replication. 5-ohC and 8-oxoG are stable oxidation products with strong miscoding properties, which produce G T transversions 45 T cell subset counts were analysed in peripheral blood and TNF levels in plasma.
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